Organic-inorganic hybrid perovskites (OIHPs) have emerged as an important group of functional materials for applications in high-performance optoelectronic devices including solar cells, [1, 2] light-emitting diodes, [3] photodetectors, [4] and lasers. [5] For example, OIHP solar cells have rapidly progressed to achieve more than 22% power conversion efficiency (PCE) in only about 5 years. [1] The impressive general performance of OIHP devices in these applications is ascribed to a remarkable set of optoelectronic properties, [6] including tunable optical bandgaps, [7] high optical extinction coefficients, [8] high charge carrier mobility, [9, 10] and long carrier diffusion length. [6, 9] This combination of properties clearly originates from the organic-inorganic hybrid structure [9] in which organic cations in the unit cell are located between eight Pb 6 + octahedrons. However, understanding how to enhance properties further (e.g., the PCE of OIHP solar cells to the level of monocrystalline silicon solar cells, or close to the theoretical maximum) requires a fundamental understanding of how the OIHP structure impacts the optoelectronic properties. [11] The central question is exactly how the organic cations within the inorganic framework govern the structural and electronic properties of the hybrid materials.
diffraction patterns from a stationary single crystal sample. [13] The 3D neutron diffraction data together with the associated sample parameters are recorded in event mode and are not histogrammed as are those for conventional X-ray experiments, which enables the reconstruction of real-time data from in situ variable temperature neutron diffraction measurements. In addition, in conjunction with complementary X-ray diffraction and photoluminescence (PL) spectroscopic measurements, we can correlate the ordering of organic cations on corresponding observations of perovskite structure and optoelectronic properties.
Methylammonium lead bromide (MAPbBr 3 ) bulk single crystals with millimeter-size (inset of Figure 1a ) were synthesized by the inverse temperature crystallization method [14] as shown in Figure S1 (Supporting Information). To understand the behavior of the organic moieties MA + within the inorganic framework, temperature-dependent neutron diffraction measurements on MAPbBr 3 single crystals were performed for 95 K ≤T ≤ 295 K. Neutron diffraction is highly sensitive to the order of organic molecular cations within inorganic frameworks due to the high sensitivity of neutrons to light chemical elements. The cubic Pm-3m (200) C single crystal peak was monitored as the temperature changed during both cooling ( Figure S2 , Supporting Information) and heating (Figure 1a ) at the same 1 K min −1 rate. A movie shows the real-time change of the MAPbBr 3 (200) C peak during continuous heating from 95 to 295 K and cooling from 295 to 95 K at the rate of 1 K min −1 (Movie S1, Supporting Information). It should be noted that the (200) C peak is indexed as (220) T peak in the tetragonal I4/mcm phase between 230 and 153 K and the (202) O peak in the orthorhombic Pnma phase at temperatures below 140 K, respectively. Since the change in phase transition temperature between heating and cooling runs was small (less than 2 K), we will focus on the real-time neutron diffraction results from heating. As shown in Figure 1a , the strongly split orthorhombic (202) O peaks coalesce throughout the entire heating process. The MAPbBr 3 single crystal exhibits a peak shift due to the tetragonal distortion during the cubic-to-tetragonal phase transition at 230 K, and peak splitting between 130 and 153 K. There is a pronounced fluctuation in structure observed close to 150 K that is most likely due to the coexistence of the tetragonal P4/ mmm and orthorhombic phases. [15] A strong distortion of the orthorhombic peak at temperatures is also observed above ≈130 K that corresponds to the orthorhombic-to-tetragonal phase transition during heating. The abrupt change that occurs in the temperature range 130-153 K is consistent with the nature of a first-order phase transition. The split peaks merged into a broad (220) T peak at temperatures above 153 K, corresponding to the formation of the tetragonal I4/mcm phase. Upon heating, the peaks further merge into a single peak above the tetragonal-tocubic phase transition temperature at 230 K. This behavior is confirmed by slices in reciprocal lattice space at three different phases for the (220) T peak as shown in Figure 1b-d. A single peak remains at both 180 and 295 K, but splits into five peaks at 95 K. The strongly split orthorhombic (202) O peaks (>0.3 RLPs) start recombining at ≈131 K and coalesce to the tetragonal (220) T peak at 153 K.
In order to determine the ordering of the MA + cations in these different regimes, crystallographic data from neutron diffraction were collected at three temperatures (95, 180, and 295 K). A polyhedral plot in Figure 2a shows the ordered MA + cation in the A site of the Pnma structure deduced from single crystal neutron diffraction data measured at 95 K. This structure was stabilized by the strong trifurcated hydrogen bonds between the N terminal of the MA cation and the bromides on the PbBr 6 octahedra (Figures S3 and S4a, and Table S1 , Supporting Information). The single-crystal neutron diffraction measurements indicate that the rotational freedom of the MA + increases with increasing temperature starting from 95 K, whereas a disordered MA + cation in the I4/mcm structure was revealed from neutron diffraction data measured at 180 K (Figure 2a ; Figure S4b , Supporting Information). The MA + molecular orientation is most likely to begin randomizing near 100 K as shown in Figures 1a and 2b , well before the tilting of the inorganic octahedrons is observed around 130 K, which marks the onset of the phase transition toward the tetragonal structure. It can be concluded from the real-time neutron diffraction study that the transition from multidomain to single-domain in the 100-153 K temperature range ( Figure 2b during continuous heating from 95 to 295 K at the rate of 1 K min −1 . The (200) C peak is indexed as the (220) T peak in the tetragonal I4/mcm phase between 230 and 153 K and the (202) O peak in the orthorhombic Pnma phase at temperatures below 153 K, respectively. The fluctuation of the (200) C peak between ≈140 and 155 K is most likely due to the coexistence of the tetragonal and orthorhombic phase. The inset shows a millimeter-size crystal that was used for neutron single crystal diffraction measurements. b-d) 2D scattering profiles of the (200) peak in the (H, K, 0) RLP along the [0, 0, L] direction measured at 95, 180, and 295 K, respectively. rotational variation of molecular cations MA + appears to induce the structural orthorhombic-to-tetragonal phase transition, which starts near 130 K, rather than 100 K.
The associated structural phase transition was further characterized using complementary techniques. Temperaturedependent X-ray powder diffraction measurements revealed phase transitions with increasing temperature from orthorhombic to tetragonal to cubic ( Figure S5 , Supporting Information). In addition, the X-ray reflection peaks of (112) O and (211) T observed at 140 K suggested the coexistence of orthorhombic and tetragonal phases (Figure 3a) . The (211) T X-ray diffraction (XRD) peak begins to appear at T = ≈130 K, indicating the initial formation of the tetragonal phase at this temperature ( Figure 3b ). With further increase in temperature, the tetragonal phase (211) T peak increases, while the (112) O peak corresponding with the orthorhombic phase decreases, and disappears completely at ≈150 K. The real-time, temperature-dependent X-ray observation further demonstrates that a gradual transition from the orthorhombic to tetragonal phase starts at ≈130 K and ends at ≈150 K, which agrees well with the result from neutron diffraction characterizations. To determine the orthorhombic-to-tetragonal phase transition in the low temperature region, differential scanning calorimetry (DSC) measurements were conducted. Two endothermal peaks were observed at ≈145.8 and ≈152.6 K during heating ( Figure S6 , Supporting Information), which is consistent with the temperature-dependent in situ neutron diffraction observations in Figure 1a that showed a pronounced structure fluctuation between ≈140 and ≈153 K, from which the coexistence of the tetragonal (P4/mmm) and orthorhombic phases was inferred. [15] This rotational freedom of the MA + at T > 95 K increases the dielectric screening significantly; for example, free rotation of the MA + cations has been shown to increase the static dielectric constant from ≈30 to ≈60-70. [6, 8, 16, 17] This regional doubling of the static dielectric constant reduces the Coulomb attraction by a charged defect by half, making the defect levels shallower, consequently reducing nonradiative recombination. Moreover, the multidomain structure represents a discontinuity of the octahedral tilt pattern in the orthorhombic phase, which correlates with the orientation of the MA + . Such a discontinuity may create defects at the domain boundaries to release strain. Therefore, the coalescence of multidomains to a single domain ( Figure 2b ) should cause a reduction in defect density. It is thus hypothesized that during the orderdisorder transformation of the organic cations observed as the temperature increases, a reduced nonradiative recombination resulting from increased dielectric screening should result in increased PL that correlates with the reduced defect density To test this hypothesis, we acquired the temperaturedependent PL spectra from a MAPbBr 3 bulk single crystal (Figure 4a) . The temperature dependence of the integrated PL peak intensity and peak position from 4 to 200 K are shown in Figure 4b . The PL intensity decreases with increasing temperature as expected in the region labeled "normal" (T ≤ 100 K and T ≥ 150 K), which is attributed to nonradiative recombination induced by thermal quenching, a well-established mechanism in semiconductors, [18] whereas the PL intensity is observed to increase with increasing temperature in the region labeled "anomalous" (≈100-150 K). The enhancement in PL intensity results from the reduced nonradiative recombination with increasing temperature, which is due to the increased dielectric screening and the reduction of defect density during transformation from order to disorder of organic cations, consistent with the results obtained from single crystal neutron diffraction measurements. It should be noted that the observed anomalous spike in PL intensity of the MAPbBr 3 bulk single crystal at around 130 K (Figure 4a,b) is possibly due to a pronounced structure discontinuity or fluctuation between ordered orthorhombic and disordered tetragonal phases as suggested by the in situ single crystal neutron diffraction and DSC measurements.
Except for an anomalous red shift between 130 and 150 K ( Figure 4b ) that occurs in the orthorhombic-to-tetragonal phase transition region, a monotonic blue shift with increasing temperature is typically observed. The blue shift suggests an increase in optical bandgap of MAPbBr 3 perovskite single crystals, consistent with other reports for OIHP polycrystalline films, [19, 20] but opposite to the observation in typical semiconductors (e.g., Si, GaAs), i.e., the bandgap generally decreases with increasing lattice constant due to the decreasing hybridization (and the decreasing splitting) between the valence and conduction band states. [21] Our calculated bandgap of cubic MAPbBr 3 shows a monotonic increase with increasing lattice constant (Figure 5b) , which agrees with our experimental observation in MAPbBr 3 and is also consistent with previous experimental studies [22] and theoretical calculations of other halide perovskites [i.e., MAPbI 3 and CsSnX 3 (X = Cl, Br, I)]. [19, 23] To understand this behavior, we specifically calculated the positions of the valence band maximum (VBM), the conduction band minimum (CBM), and the Pb-6s level as a function of the lattice constant. The results clearly show that the hybridization between the Pb-6s level below the valence band and the Br-4p states near the VBM (schematically shown in Figure 5a ) is weakened with the expanding lattice, thereby reducing the energy splitting between the Pb-6s level and the VBM (Figure 5b) . The lower VBM further reduces the hybridization between the Br-4p states in the valence band and the Pb-6p states in the conduction band, resulting in the rising CBM. Both factors above contribute to the increase of the bandgap as the lattice constant increases.
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In addition to the general trend of blue shift of PL peaks with increasing temperature, the PL peak was found to show a slightly but distinct red shift between 130 and 150 K (Figure 4b ). The onset (≈130 K) of the anomalous red shift in PL peak is close to the start of the orthorhombic-to-tetragonal phase transition. [17, 24] Previous theory calculations suggest that the bandgap of the orthorhombic phase is the largest, followed by those of the tetragonal and the cubic phases at the same volume. [19] Therefore, it is concluded that the phase change induced bandgap variation dominates over the lattice constant induced bandgap variation in the vicinity of phase transitions, leading to the red shift of PL peaks.
It is important to note that the order-disorder transformation of the organic cations has a significant impact on the alignment of the inorganic octahedra. Our neutron diffraction results indicate that the orientation of organic cations began randomizing near 100 K. Correspondingly, the inorganic octahedron tilt pattern in the orthorhombic phase correlates with the orientation of the organic cation CH 3 NH 3 + . However, the order-disorder transformation of the organic cations induces a transformation from tilted inorganic octahedron to nontilted features. This is further indicated by the multidomain structural region, which represents a discontinuity of the octahedron tilting pattern in the orthorhombic phase. Moreover, neutron diffraction measurements revealed the coalescence of multidomain to single-domain structure that correlates with the order-to-disorder transformation of the organic cations. The overall effect of the order-to-disorder transformation of the organic cations on the optoelectronic properties of hybrid perovskites is twofold: one is the increase in static dielectric constant to reduce Coulomb attraction, which makes the defect levels shallower to reduce nonradiative recombination, and the other is the decrease in defect density during the coalescence of multidomain to the single domain, which also should reduce nonradiative recombination. These two factors explain the reduced nonradiative recombination resulting in the enhanced PL intensity in the anomalous region between 100 and 150 K during the phase transition from orthorhombic to tetragonal phases.
In conclusion, real-time neutron diffraction studies revealed the transformation of MA + cations from order to disorder between 100 and 153 K, which significantly alters the tilt of the inorganic octahedra, corresponding to the induced transitions from orthorhombic to tetragonal phases and from multidomain to single-domain structure. This reduction in defect density, along with the reduction in dielectric screening caused by increasing disorder of the MA + cations with increasing temperature reduces nonradiative recombination to yield the observed anomalous PL peak intensity. This study enhances the fundamental understanding between microscopic molecular structure and macroscopic optoelectronic performance in OIHPs, essential for the design of new OIHP materials to improve device performance.
Experimental Section
Bulk Single Crystal Growth: The CH 3 NH 3 PbBr 3 (MAPbBr 3 ) bulk single crystals were grown as following reported methods with modifications. [14] PbBr 2 and CH 3 NH 3 Br (MABr) powders with equal molar ratio were dissolved in dimethylformamide solvent to make total molar concentration solution of 0.8 m. PbBr 2 and MABr were purchased from Sigma-Aldrich and 1-Material, respectively. They were used as received. A vial with 1.25 mL solution was placed in an 80 °C oil bath, as shown in Figure S1 (Supporting Information). After about 3 h of growth, ≈2 mm × 3 mm × 3 mm shiny bulk crystals were obtained. The crystal size can be tailored for neutron diffraction characterizations by changing the growth time. The crystal growth was conducted in ambient air.
Single Crystal Neutron Diffraction: Variable temperature experiment for MAPbBr 3 was performed on the TOPAZ single crystal diffractometer at the Spallation Neutron Source, Oak Ridge National Laboratory. [25] Sample temperature control used Oxford Cryosystems Cryostream Plus 700 with an LN 2 -gasflow setup. A block-shaped hydrogenated single crystal of MAPbBr 3 with the dimensions of 1.00 × 1.75 × 1.95 mm 3 was mounted onto the tip of a MiTeGen loop with Super Glue, and transferred to the TOPAZ goniometer for data collection. TOPAZ is a neutron wavelength-resolved, or time-of-flight Laue diffractometer with extensive area-detector coverage capable of 3D Q-space mapping from a stationary single crystal at predefined setting angles. Singlecrystal neutron diffraction data are recorded in event mode, in which a continuous 3D volume of reciprocal space can be measured while the www.advmat.de www.advancedsciencenews.com change in sample temperature is monitored and recorded in real time. Using the initial orientation matrix obtained at room temperature, the (2 0 0) peak in the cubic P m-3m cell was placed on a forward scattering detector with the aid of CrystalPlan software. [26] The single crystal sample was then cooled to 95 K at a ramp rate of 1 K min −1 . The sample was then heated from 95 to 300 K at the same ramping rate of 1 K min −1 for in situ data collection during sample heating and cooling. Neutron data reduction used the Mantid software. [27] The plots shown in Figure 1b Figure S2 , and Movie S1 in the Supporting Information were generated using the Slice Viewer program available in Mantid. [27] In addition to temperature ramping, full single crystal diffraction datasets for MAPbBr 3 at 295, 180, and 95 K were also collected. The integrated raw Bragg intensities were obtained using the 3D ellipsoidal Q-space integration in accordance with previously reported methods. [28] Data reduction including neutron TOF spectrum Lorentz and detector efficiency corrections was carried out with the ANVRED3 program. [29] The Pnma data at 95 K were twinned and the reflections were grouped into five domains in HKLF5 format accordingly using the twin law from TwinRotMat in Platon program [30] for structure refinement. Twinning was detected for the I4/mcm dataset collected at 180 K due to tetragonal distortions into three domains from symmetry lowering of the idealized cubic Pm-3m structure, although no peak splitting was observed. Neutron structure refinements used the SHELX 2014 program. [31] Positions of hydrogen atoms on the disordered MA cation were modeled with the HFIX 137 constraint in SHELX, which allows for free rotation of the CH 3 /NH 3 groups along the CN bond, but keeps the "idealized" CH/NH bond distances and tetrahedral angles fixed at default values. VESTA program was used for plot and visualization of the neutron structure. [32] Temperature-Dependent X-ray Diffraction: Temperature-dependent cryogenic XRD measurements were conducted using a powder X-ray diffractometer (PANAlytical X'Pert MPD Pro) with Cu-Kα radiation (λ = 1.54050 Å), which is equipped with an Oxford Phenix cryogenic XRD stage. The step size and scan rate for each measurement were 0.0167113° and 0.107815° s −1 , respectively. A millimeter size bulk single crystal was grinded into a fine powder for temperature-dependent XRD experiment. The cryogenic temperature was controlled by helium compressor at a ramp rate of 2 K min −1 . Figure S5 (Supporting Information) was acquired from heating process.
Low-Temperature Differential Scanning Calorimetry: The DSC measurements were conducted to determine the orthorhombic-totetragonal phase transition in the low temperature range by Netzsch DSC214. The mass of the sample (fresh MAPbBr 3 bulk single crystal) was 10.03 mg. The sample was cooled with liquid nitrogen to achieve a temperature as low as 90 K. DSC curves during heating and cooling were acquired at a ramp rate of 2 K min −1 . The intersection of the tangent of the arising part of the peak and the baseline of the DSC curve was applied to determine phase transition temperatures.
Temperature-Dependent Photoluminescence: The PL spectra were measured in a custom-built micro-PL setup. The PL was excited with a continuous wave diode laser (Ondax, 405 nm, 40 mW) through an upright microscope using a 50x-long working distance objective with numeric aperture = 0.5 (beam spot ≈1.5 µm). The typical incident laser power on a sample was maintained at ≈2 µW. The PL light was analyzed by a spectrometer (Spectra Pro 2300i, Acton, f = 0.3 m) that was coupled to the microscope and equipped with 150, 600, and 1800 groves mm −1 gratings and a CCD camera (Pixis 256BR, Princeton Instruments). The typical acquisition times were varied from 0.5 to 5 s depending on the PL intensity. The low-temperature PL spectra were measured using a liquid He-cryostat (MicrostatHiResII, Oxford Instruments) with a temperature controller (MercuryiT, Oxford Instruments) that allowed precise temperature control from 4 to 300 K. The cryostat was mounted on a motorized XY microscope stage (Marzhauser). The cryostat was evacuated to the base pressure of 7 × 10 −7 mbar prior to cool down.
Density Functional Theory Calculations: The calculations were based on density functional theory with plane-wave basis as implemented in the VASP code. [33] The projector augmented wave method was used to describe the interaction between ions and electrons. [34] Perdew−Burke− Ernzerhof (PBE) functional [35] was adopted to approximate the exchangecorrelation interaction. The lattice constants of MAPbBr 3 measured by neutron scattering measurements were used: a = 7.986 Å, b = 11.859 Å, and c = 8.582 Å for the orthorhombic phase at 95 K; a = b = 8.3491 Å and c = 11.8202 Å for the tetragonal phase at 180 K (present work); a = b = c = 5.912 Å for the cubic phase at 225 K (ref. [13] ). [36] The kinetic energy cutoff of 400 eV was used. For k-point sampling in the reciprocal space, 4 × 2 × 4, 4 × 4 × 2, and 6 × 6 × 6 k-point meshes for the primitive cells of the orthorhombic, the tetragonal, and the cubic phases, respectively, were used. The atomic positions were fully relaxed until the residual forces were less than 0.02 eV Å −1 . Spin-orbit coupling (SOC) was not included in the calculations because, in this study, the focus was on the differences between various energy levels, which are insensitive to the SOC.
In the calculations of the lattice constant dependence of the CBM, the VBM, and the Pb-6s state, the cubic phase was used and the Pb 1s core level was used as the reference energy level. The MA molecular orientations are random in the cubic phase. However, in the calculations, the molecular orientation had to be fixed. It was chosen to align the MA molecules along the [111] direction because such molecular orientation causes least structural distortion from the perfect cubic perovskite structure compared to the molecular orientations along the [100] and [110] directions. The structural distortion may induce additional bandgap change and thus was avoided.
Crystallographic data CCDC No. 1533441(295K), 1533443(180 K), and 1533442 (95 K) contain the supplementary crystallographic data for the neutron structures as shown in this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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